Diosgenyl saponins are the most abundant steroid saponins, and exert a large variety of biological functions. In a previous report, we showed that dioscin was able to induce cytotoxicity and apoptosis in human myeloblast leukemia HL-60 cells. This study further investigated the action mechanisms underlying this effect. The activation of caspase-9 and -3, but not caspase-8, together with the down-regulation of anti-apoptotic Bcl-2 protein, demonstrated that the apoptotic signaling triggered by dioscin was mediated through the intrinsic mitochondriadependent pathway. We also investigated its anti-proliferative effect on human chronic myelogenous leukemia K562 cells. Flow cytometry analysis showed that dioscin treatment induced the accumulation of cells in the G 2 /M phase. Cytomorphology with DAPI and Wright-Giemsa staining demonstrated the enlargement of cell volume and multinucleation in the treated cells. Subsequent apoptosis was delineated with phosphatidylserine externalization and DNA hypodiploidy. Trillin was one of the hydrolysates of dioscin. We demonstrated that it could induce multinucleation in HL-60, K562 and human promyelocytic leukemia NB 4 cells, suggesting its extensive mitotic-arresting effects. As the diosgenyl sapogenin, diosgenin was also shown to be able to induce multinucleation and apoptosis in K562 cells in a similar manner to dioscin. These findings suggest that diosgenyl saponins have the properties to induce mitotic arrest and apoptosis, suggesting that they may be a new kind of antimitotic agent.
Saponins are a structurally diverse class of glycosides, which have attracted much attention in recent years because of the host of biological activities they exhibit. [1] [2] [3] Diosgenyl saponins are often found as the major components in traditional Chinese medicines, with diosgenin as the steroidal sapogenin. Most of them can be regarded as derivates from diosgenyl b -D-glucopyranoside (trillin) and the structural diversity lies mainly in their sugar moieties. Some of the diosgenyl glycosides have been used in material medica to treat malaria, helminthes infections, and snake bites. [4] [5] [6] [7] Others are good antifungal and antibacterial agents. 8, 9) Recent studies have shown that they have cytotoxic properties against several strains of human cancer cells. [10] [11] [12] [13] [14] Dioscin [15] [16] [17] and trillin 18) are the best known diosgenyl saponins with these properties (Fig. 1) .
The regulatory mechanisms that control normal cell proliferation and cell death stay balanced through orchestrated cascades of multiple interacting signaling pathways. When this rhythmic scheme is perturbed by cytotoxic agents, it often results in the breakdown of cell-cycle machinery, subsequently entering into programmed cell death or apoptosis. Cell cycle checkpoints establish the timing and strength of arrest, repair and apoptosis responses to these damaging agents. 19) Apoptosis is an active, highly controlled process involving multiple signaling cascades, gene expression and the dysfunction of mitochondria. As a conserved cysteine protease family, caspases play central roles for both commitment and execution of apoptosis. 20) Two major signaling pathways have been characterized, with mitochondria as the critical organelle that integrates diverse stimuli into a core intrinsic pathway. The control of apoptosis is governed by the Bcl-2 family proteins, which include anti-apoptotic (Bcl-2 and Bcl-x L ) and proapoptotic (Bax and Bak) members. 21) Cytotoxic stress causes the dysfunction of mitochondria, leading to the release of cytochrome c into cytosol. Cytochrome c then activates caspase-9, which in turn activates the downstream caspases, such as caspase-3. The second apoptotic pathway is triggered by death-receptor superfamily members through the activation of caspase-8, which can directly activate effector caspases, leading to cellular disintegration. These two pathways converge at the level of caspase-3 activation, which makes it feasible to differentiate them by evaluating the activities of caspase-8 and caspase-9.
22)
The relationship between cell cycle arrest and apoptosis is better understood in the context of G 1 arrest and the role of p53 and pRb, the latter being a caspase substrate. 23) However, drug-or radiation-induced death after G 2 /M arrest has been observed in a range of cell types, specifically including the cells with defective p53. 24, 25) In this context, apoptosis or the other mode of cell death may occur. One nonapoptotic cell death after G 2 /M arrest has been specifically described as "mitotic cell death". The phenomenon involves G 2 /M arrest associated with incomplete or defective mitosis, often indicated by the enlargement of cell volume and the formation of multinucleated cells, followed by mitotic catastrophe and subsequent nuclear fragmentation.
26) The fragmentation apparently results from aberrant mitosis followed by relocation of the nuclear membrane around chromosome fragments or masses. [27] [28] [29] In contrast with the relatively rapid apoptotic process, the cells committed to mitotic cell death complete at least one cycle of mitosis before their degradation. 28) Defective cell cycling and apoptotic mechanisms are considered to play a significant role in both development of malignancy and resistance to chemotherapeutic drugs. 30) A better understanding of the related cellular events is important for rational drug design. In the previous study, we demonstrated that dioscin could induce apoptosis in human leukemia HL-60 cells. 1) This study investigated the mechanisms of action underlying its effect. Furthermore, we investigated the effects of dioscin, trillin and diosgenin on human leukemia K562, NB 4 and HL-60 cells. , with 10% fetal bovine serum (FBS) (Hyclone Laboratories Inc., UT, U.S.A.), 100 IU/ml penicillin, and 100 mg/ml streptomycin in humidified air at 37°C with 5% CO 2 .
MATERIALS AND METHODS

Cell
Materials Diosgenin ((25R)-spirost-5-en-3b-ol) was bought from Sigma Chemical Co.
was obtained by acid hydrolysis and silica gel chromatography. Its structure was identified by comparison of MS and NMR data with those in the previous report. 18) Its purity was more than 95% on the basis of reversed-phase HPLC analysis. All these compounds were dissolved in ethanol and stored at Ϫ20°C. The controls were taken as the samples treated with the same concentration of ethanol alone.
Wright-Giemsa stain (modified), propidium iodide (PI), RNase A, Ara-C and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were purchased from Sigma Chemical Co. 4Ј,6-Diamidin-2Ј-phenylindol-dihydrochloride (DAPI) was purchased from Roche Diagnostics GmbH (Mannheim, Germany).
Cell Viability Cells were suspended at a final concentration of 5ϫ10 4 cells/ml and seeded in 96-well microtiter plates. Various concentrations of drug were added to each well in triplicate. After incubation for the indicated times, the viable cells were counted by the trypan blue exclusion method. The inhibitory effects were also determined by MTT assay. After drug exposure, the cells were incubated with MTT (0.5 mg/ml) for 4 h. The formazan precipitate was dissolved in 200 ml dimethyl sulfoxide and the absorbance at 550 nm was measured with a Benchmark microplate reader (Bio-Rad, CA, U.S.A.). Cytomorphology The cells were directly observed under an inverted phase-contrast microscope (Leica DMIRB) and recorded by a Leica CCD camera (DC200). Their nuclei in the same visual field were stained with DAPI (10 mg/ml) and recorded by fluorescence microscopy (Leica DMIRB and MPS60, Leica Microsystems Wetzlar GmbH, Germany). Meanwhile, the cells were centrifuged onto slides by a cytospin (700 rpm, 5 min), stained with Wright-Giemsa dye, and observed by microscopic examination (Leica DMLB and MPS60).
Flow Cytometric Analysis of Cell Cycle and Apoptosis Cells were fixed by 70% ethanol at Ϫ20°C for at least 12 h. After two washes with phosphate buffered solution (PBS), the cells were incubated in RNase A/PBS (100 mg/ml) at 37°C for 30 min. Intracellular DNA was labeled with PI (50 mg/ml) and analyzed with a DNA Fragmentation Assay The untreated and treated cells were harvested and lysed in 100 m l buffer (10 mM Tris-HCL (pH 7.4), 10 mM EDTA (pH 8.0), 0.5% Triton X-100). The supernatant was acquired through centrifugation at 14000 g for 10 min, and then incubated with RNase A (200 m g/ml) at 37°C for 60 min. Proteins were removed by incubation with Proteinase K (200 mg/ml) at 50°C for 30 min. The lysate was added with 20 ml 5 M NaCl and 120 ml isopropanol. After being deposited at Ϫ20°C for 12 h, the precipitated DNA pellet was dissolved in Tris-acetate-EDTA buffer, electrophoresed in a 1.5% agarose gel, stained with ethidium bromide, and photographed under UV illumination.
Assessment of Caspase Activity ApoAlert ® caspase fluorescent and colorimetric assays (BD Biosciences Clontech, CA, U.S.A.) were used to determine the enzyme activity of caspase-3, -8 and -9. After being incubated with various concentrations of dioscin for 48 h, cells were collected and lysed in ice-cold buffer. The homogenate was clarified by centrifugation at 12000ϫg for 10 min at 4°C. Caspase activities in the supernatant were determined by cleavage of the specific chromophore-conjugated substrates. The substrate peptides of caspase-3, -8 and -9 (DEVD, IETD and LEHD) were conjugated to 7-amino-4-trifluoromethyl coumarin (AFC), p-nitroaniline (p-NA) and 7-amino-4-methyl coumarin (AMC), respectively. The release of AFC and AMC (for caspase-3 and -9) was measured by quantifying fluorescent intensity in a fluorescence spectrophotometer (Hitachi F-2500, Japan). Caspase-8 activity was determined by absorbance of p-NA at 405 nm in a microplate reader.
RT-PCR Analysis for Bcl-2 Total RNA extract and semi-quantitative RT-PCR kit (Dingguo Biotechnology, Beijing, China) was employed to analyze the levels of Bcl-2 transcripts in untreated and treated cells. PCR products were analyzed on 1.5% agarose gel, stained with ethidium bromide and photographed with the ImageMaster Video Documentation System (Amersham Biosciences).
Statistical Analysis One-way analysis of variance (ANOVA) was performed to determine the significance between groups. A p-value of less than 0.05 (pϽ0.05) was considered as statistically significant.
RESULTS
Dioscin Induces the Activation of Caspase-3 and -9, But Not Caspase-8 in the Apoptotic Process of HL-60 Cells Previous study demonstrated that dioscin could induce apoptosis in HL-60 cells. 1) We then asked whether caspases were activated in the process of cell death. As shown in Fig. 2A , dioscin induced a dramatic increase of caspase-3 activity in a dose-dependent manner. It was approximately three-fold compared to the control group when the cells were treated with 5 mM dioscin for 48 h. Caspase-9 was dramatically activated at the same time, indicating its activation as an upstream event before caspase-3 processing. In contrast, negligible caspase-8 activity was observed, suggesting no involvement of caspase-8 in the apoptotic process (Fig. 2B) . The Transcriptional Level of Bcl-2 Was Down-Regulated by Dioscin in HL-60 Cells As shown in Fig. 3 , RT-PCR analysis showed that the anti-apoptotic Bcl-2 level decreased obviously when HL-60 cells were treated with various concentrations of dioscin for 48 h.
Dioscin Suppresses the Growth of K562 Cells K562 cell proliferation was evaluated daily based on the ability of the cells to exclude trypan blue. Dioscin induced a marked To confirm the results, DEVD-CHO, a caspase-3 specific inhibitor, was added to the induced samples before the addition of the substrate. Ara-C, which is commonly used for the treatment of human tumors, was employed as the positive control. time-and dose-dependent diminution of cell viability as early as 12 h, indicating that the proliferation potential of the cells was impaired (Fig. 4A) . The IC 50 (median growth inhibitory concentration value) determined by MTT assay was about 10 m M (Fig. 4B) . Figure 5 shows representative morphological changes of K562 cells when exposed to dioscin (10 mM) for 48 h. The control cells appeared normal and the nuclei were round and homogeneous (Figs. 5A, C, E) . After treatment with dioscin, the cells exhibited the characteristic features of apoptosis, with cell shrinkage, nuclear condensation and fragmentation (Figs. 5B, D) . In addition, the treated cells showed a marked increase in cellular size (arrow), cytoplasmic content and nuclear complexity, which was also seen in the slides stained by Wright-Giemsa dye (Fig. 5F ). To understand whether the cells had undergone differentiation towards megakaryocyte, the expression of CD41 was determined using PMA as a positive control. The results indicated that dioscin cannot be used as an inducer (data not shown).
Dioscin Induces Cell Cycle G 2 /M Arrest and Apoptosis in K562 Cells
Flow cytometric sub-G 1 analysis showed that a dramatic hypodiploid population of K562 cells appeared when treated with dioscin for 72 h (Fig. 6A) . Furthermore, the annexin V/PI binding assay was performed to detect the redistribution of phosphatidylserine, which is a hallmark of early apoptotic cells (Fig. 6B) . In untreated K562 cells, 1.1% of cells were annexin V-positive/PI-negative, whereas 1.7% of cells were annexinV/PI double positive. After treatment with 10 mM dioscin for 24 h, the annexin V-positive/PI-negative and the double positive cells had increased to 8.0% and 18.6%, respectively, the latter representing last stage apoptotic cells undergoing secondary necrosis.
Then the cell cycle distributions were examined at the indicated times. At the concentration of 10 mM for 24 h, dioscin induced a significant cell population in G 2 /M phase (Fig. 7) . During the period from 36 to 96 h, a decrease of G 2 /M blockade was observed, together with a reciprocal increase of sub-G1 population, suggesting that the arrested cells underwent apoptotic cell death. The G 1 or S phase in the surviving fraction began to be obvious after the cells in the G 2 /M phase were removed by apoptosis.
Trillin Induces Multinucleation in HL-60, NB 4 and K562 Cells Cytomorphology results showed that trillin induced multinucleation in HL-60, NB 4 and K562 cells, indicating it could induce mitotic arrest in these leukemia cells (Fig. 8) . In particular, we found some apoptotic cells with larger cell volume (arrow marker in Fig. 8 ) in trillin-treated HL-60 cells, indicating the occurrence of apoptosis after mitotic arrest. Trillin could also cause the cytotoxic effects in these cells; for example, the IC 50 that was determined by MTT assay in K562 cells, was about 7.5 m M (Fig. 4B) .
Diosgenin Induces Multinucleation and Apoptosis in K562 Cells As shown in Fig. 9A , diosgenin-treated cells showed a marked increase in cellular size and nuclear complexity. Apoptosis was demonstrated by the appearance of DNA fragmentation (Fig. 9B) .
DISCUSSION
Natural products provide one of the most important sources of promising leads for the development of novel chemotherapeutics. Diosgenyl saponins were employed in this study to determine their effects on leukemia cells. These secondary metabolites, whose biosynthetic precursors are sterols, are widely distributed in plants and marine organisms. 3) In vivo study has now established that they can be partially absorbed through the gut and distributed to various tissues, indicating their potentially good bioavailability. 31) The carbohydrate chain of these glycosides is a hydrophilic part, while the appropriate sapogenin is a hydrophobic fragment. Our results demonstrated that diosgenin has similar mitotic-arresting and apoptosis-inducing effects as dioscin, suggesting that the efficacious structure may be due to the hydrophilic sapogenin part, with the glycosides having greater ability to induce mitotic arrest.
In the previous report, we extracted dioscin from Polygonatum zanlanscianense PAMP and investigated its cytotoxic effect on several human tumor cells.
1) The results suggest that it could induce differentiation and apoptosis in human leukemia HL-60 cells. The first part of this study further investigated the signaling transduction pathway involved in apoptosis. It is known that caspases are the central executioners of apoptosis in mammalian cells. The initiator caspases (e.g., caspase-8 and -9) respond to various stimuli and subsequently catalyze the activation of more abundant and catalytically robust 'effector' caspases (e.g., caspase-3) that largely perform the proteolytic cleavage events necessary to mediate the apoptotic phenotype. 25) Caspase-3 was activated when cytochrome c was released into cytosol, which was the point of no return during the commitment stage of apoptosis. The low activity of caspase-8 in K562 cells demonstrated that the death-receptor pathway was not activated. On the other hand, the processing of caspase-9 confirmed that the mitochondria- dependent (intrinsic) pathway contributed to the dioscin-induced apoptosis. The Bcl-2 family members appear to interact to regulate the commitment to survive or die upon challenge with various apoptotic stimuli. 32) Bcl-2 has been shown to exert its inhibitory effects by blocking the release of cytochrome c and the decline of mitochondria membrane potential. The down-regulation of its level is in conjunction with the impairment of its anti-apoptotic role.
We further demonstrated that dioscin induced mitotic arrest in K562 cells, which might be a requisite step for subsequent apoptosis. The observed multinucleation phenotype represents additional rounds of DNA replication in the absence of cell division or apoptosis. Dioscin-triggered mitotic arrest has been shown to correlate with cytotoxicity by an apoptotic pathway. We have analyzed the kinetics of cell death relative to G 2 /M block and have demonstrated that DNA hypodiploidy is initiated rapidly after arrest at the G 2 /M transition (Figs. 6, 7) . This phenomenon has been described before as the development of an aberrant mitotic exit into a G 1 -like "multinucleate state", which eventually progresses into apoptosis.
33) It is not fully understood how cytotoxic stress causes K562 cells to undergo apoptosis at the G 2 /M checkpoint. One hypothesis is that dioscin may be able to interact with the major component of microtubules, resulting in the interruption of microtubule assembly. Another speculation is that dioscin induces inappropriate alteration in the expression or/and activation of cyclin-dependent kinases and regulators, leading to blockage of cell cycle progression and induction of apoptosis. 22) Because K562 cells lack a functional p53, our data indicated that p53 is not an obligatory participant in these effects. 34) Trillin has also been shown to induce DNA polyploidy in HL-60, NB 4 and K562 cells, suggesting its strong and extensive mitotic-arresting effects. It should be mentioned that in trillin-treated HL-60 cells, we have found some bigger apoptotic ones, which may result from mitotic arrest (Fig. 8,  arrow) . Besides apoptosis, the cells undergoing mitotic catastrophe may be due to mitotic cell death, which is associated with the abnormal segregation of chromosomes and aberrant cytokinesis, resulting in cells of abnormal size and DNA content. 35) This form of cell death has been defined as loss of reproductive integrity after inappropriate entry into mitosis, and is frequently characterized by the emergence of cells containing multinuclear fragments or "micronuclei". 36) They showed no chromatin condensation or cytoplasmatic condensation and fragmentation, indicating that the nuclear remnants were undergoing karyolysis (nuclear dissolution).
In summary, this study demonstrated that diosgenyl saponins exert mitotic-arresting and apoptosis-inducing effects against various human leukemia cells. It may provide a mechanistic background for the introduction of this new type of antimitotic agent in cancer chemotherapy. Further studies are being performed to elucidate the structure-activity relationship and the molecular mechanisms of their mitotic-arresting effects.
